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Abstract Huntington disease (HD) is caused by an
expansion of a CAG repeat. This repeat is a dynamic
mutation that tends to undergo intergenerational insta-
bility. We report the analysis of the CAG repeat in a large
population sample (2,000 chromosomes) covering all re-
gions of Portugal, and a haplotype study of (CAG)n and
(CCG)n repeats in 140 HD Portuguese families. Interme-
diate class 2 alleles represented 3.0% of the population;
and two expanded alleles (36 and 40 repeats, 0.11%) were
found. There was no evidence for geographical clustering
of the intermediate or expanded alleles. The Portuguese
families showed three diﬀerent HD founder haplotypes
associated with 7-, 9- or 10-CCG repeats, suggesting the
possibility of diﬀerent origins for the HDmutation among
this population. The haplotype carrying the 7-CCG repeat
was the most frequent, both in normal and in expanded
alleles. In general, we propose that three mechanisms,
occurring at diﬀerent times,may lead to the evolution from
normal CAGs to full expansion: ﬁrst, a mutation bias to-
wards larger alleles; then, a stepwise process that could
explain the CAG distributions observed in the more recent
haplotypes; and, ﬁnally, a pool of intermediate (class 2)
alleles more prone to give rise to expanded HD alleles.
Keywords Triplet repeat disorders Æ CAG repeat
evolution Æ HD founder haplotypes
Introduction
Huntington disease (HD) is an autosomal dominant
progressive neurodegenerative disorder, usually of adult
onset, associated with involuntary choreic movements,
cognitive impairment and personality changes, leading to
depression and temperamental behaviour (Martin and
Gusella 1986). HD is caused by the expansion of a CAG
repeat in the coding region of the HD gene located on
chromosome 4p16.3 (The Huntington Collaborative
Research Group 1993). The CAG repeat sizes are: 6–26
CAGs in normal stable alleles (class 1); 27–35 CAGs in
non-pathogenic, but expandable alleles, upon paternal
transmission (class 2); 36–39 CAGs in expanded alleles
with reduced penetrance (class 3); and ‡40 CAGs in fully
penetrant alleles (class 4) (The American College of
Medical Genetics 1998). The expanded CAG repeat is a
dynamic mutation that tends to undergo intergenera-
tional instability, leading to increased length of this re-
peat in the following generations and, consequently, to
anticipation of age at onset of disease (Andrew et al.
1993; Duyao et al. 1993). This phenomenon of antici-
pation, in cases where the onset of disease is before
reproductive age, and occasional infantile/juvenile cases,
may give rise to the loss of some HD genes from the
population; however, there is no tendency towards a
decrease in HD prevalence over time, meaning that the
frequency of mutant HD alleles is being maintained in
some way. It has been proposed that all lengths of CAG
alleles at the HD gene are subjected to a mutational bias
towards larger alleles, and that the mutation rate is
strongly dependent on the size of the repeat (Rubinsztein
et al. 1994). In addition, haplotype analyses in HD
families of diﬀerent ethnic populations has suggested
that multiple mutation events underlie this disorder, and
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that a speciﬁc group of normal unstable alleles within a
particular haplotype may be more prone to expansion
leading to fully penetrant HD alleles, thus constituting a
pool for the generation of newHD genes (Goldberg et al.
1993; Squitieri et al. 1994; Almqvist et al. 1995). Previ-
ously, from our routine genetic testing in Portugal, we
observed that normal unstable alleles (class 2) had a
relatively high frequency, accounting for 3.7% of the
‘‘normal’’ chromosomes (Costa et al. 2003).
In the present study, we report the analysis of the
CAG repeat in a large population sample (2,000 chro-
mosomes) covering all regions of Portugal (including the
Azores and Madeira islands), and a haplotype study of
(CAG)n and (CCG)n repeats in 140 HD Portuguese
families. The aims of this study were: (1) to characterise
the distribution of the CAG repeat alleles in the Portu-
guese population; (2) to test previously reported models
for the evolution of the HD CAG repeat; (3) to study the
origins of the HD mutation in Portuguese families; and
(4) to test for a potential eﬀect of the CCG repeat size on
age at onset of HD.
Materials and methods
Subjects
The control sample was obtained from a random and
anonymous collection of 1,000 Guthrie cards from
individuals born in 1998, composed of 50 individuals
from each of the 20 regions of Portugal: Aveiro, Azores
islands, Beja, Braga, Braganc¸a, Castelo Branco, Coim-
bra, E´vora, Faro, Guarda, Leiria, Lisbon, Madeira is-
land, Portalegre, Porto, Santare´m, Setu´bal, Viana do
Castelo, Vila Real and Viseu. Previous consent was
obtained from the Ethics Commission of the Medical
Genetics Institute from where samples were obtained.
To characterise the distribution of normal alleles from
heterozygous HD patients, we used a sample comprising
one aﬀected individual, randomly selected from each
family. A total of 140 HD Portuguese families, consist-
ing of 238 individuals who were either patients or rela-
tives, were used for haplotype studies.
Methods
Genomic DNA for molecular diagnosis was isolated
from peripheral blood using standard protocols (Sam-
brook et al. 1989). For the control population DNA was
isolated from Guthrie cards using Chelex (BioRad) at a
ﬁnal concentration of 0.8%. The CAG and CCG repeat
sizes were assessed for all samples by the use of poly-
merase chain reaction (PCR) analysis with primers that
ﬂank either the CAG repeat or the CCG repeat or both
(Andrew et al. 1994). The size of the PCR products was
determined by denaturing 6% polyacrylamide gel elec-
trophoresis, in parallel with an M13 sequence ladder,
and visualised by means of autoradiography. As a
positive control for PCR, we used genomic DNA from a
patient with an expanded allele containing 94 CAGs in
every reaction.
Statistical analysis
Analyses of the CAG repeat allele distribution were
performed for the total control population and for each
region individually. Descriptive statistics relevant to the
CAG repeat (frequencies of allele and classes of allele,
range, mean, median, mode, skewness and kurtosis)
were determined using the SPSS ver. 12.0 package
(SPSS, Chicago, IL). Normality of the CAG repeat
distribution was tested by the Kolmogorov–Smirnov
test. Chi-square was used to test diﬀerent proportions of
classes of alleles (1, 2, 3 and 4) by region (SPSS 12.0).
Student’s t-test was used to compare mean age at onset
between patients with diﬀerent expanded haplotypes
carrying the CCG7 or the CCG10 repeat (SPSS 12.0).
Fisher’s exact test (2·2) was performed to compare the
repeat proportions of CCG7 and CCG10 between nor-
mal and mutated HD alleles. Hardy–Weinberg equilib-
rium analysis was performed using the exact test
developed by Guo and Thompson (1992), with the
Genepop 3.4 package (Raymond and Rousset 1995).
Heterozygosity estimates were based on the observed
and the expected number of heterozygotes (using Le-
vene’s correction), calculated by the Genepop 3.4
package (Raymond and Rousset 1995). Population dif-
ferences among the Portuguese regions were assessed
with the Fisher’s exact test, as implemented in Genepop
Version 3.4 (Raymond and Rousset 1995).
Results
Distribution of CAG repeat alleles in the control
population
Among the total control population of Portugal (1,000
Guthrie cards), a CAG repeat size in the HD gene was
obtained for 1,772 chromosomes. The distribution of the
(CAG)n size did not ﬁt a normal distribution (Z=9.311;
P<0.001) (Fig. 1). The (CAG)n tract ranged between 9
and 40 repeats, with the 17 CAG allele occurring most
frequently (37.9%). Intermediate alleles of class 2 (27–35
CAGs) represented 3.0% of the control population. Two
expanded alleles (0.11%) were found: a repeat allele with
reduced penetrance (36 CAGs) present in Guarda, and a
fully penetrant repeat (40 CAGs) found in the Azores
islands. The exact test showed no signiﬁcant deviation to
the frequencies expected for the Hardy–Weinberg equi-
librium (P=0.3780±0.0148); a heterozygosity of 81.0%
was observed (Table 1).
The characterisation of (CAG)n repeat distribution
for each of the 20 regions is shown in Table 1. Analysis
of each region individually revealed that the majority
190
was in Hardy–Weinberg equilibrium, with the exception
of Braganc¸a (P=0.0223 ±0.0039), and Viana do Cast-
elo (P=0.0242±0.0039), which showed a signiﬁcant
deviation; however, no signiﬁcant diﬀerences were found
between the observed and expected heterozygosity in
these two regions. Heterozygosity ranged between 70.6
and 90.0%. There were no diﬀerences among all regions,
either in relation to (CAG)n allele distribution
(P=0.0727±0.0111), or to genotype distribution
(P=0.0989±0.0143). In each region, normal unstable
(class 2) alleles ranged from 0% in Santare´m to 6.3% in
Setu´bal. The proportion of each class of alleles (classes
1, 2, 3 and 4) was also identical among regions.
Haplotype analysis in HD families
In each of the 140 HD families, one individual carrying
the aﬀected chromosome was randomly selected. For
these probands, we have constructed haplotypes based
on the determination of the size of both the CAG repeat
(Fig. 2a) and the CCG repeat. The distribution of the
normal CAG repeat alleles from this sample and that
from the total control chromosomes did not show sig-
niﬁcant diﬀerences. The distributions of the CAG allele
classes between these two populations were also similar.
In relation to the CCG repeat, we found four diﬀerent
alleles with size of 7, 8, 9 and 10 repeats. The 7-CCG and
the10-CCG repeat were the most frequent, both in
normal (61.2 and 28.8%) and in mutated (87.9 and
11.3%) alleles (Table 2).
Analysis of CCG repeat haplotypes revealed that the
HD expanded alleles presented three diﬀerent haplotypes,
carrying the 7, 9 or 10-CCG allele (Table 2). The 8-CCG
was associated only with normal chromosomes (5.8%)
(Fig. 2c). Comparison of the proportion of 7-CCG and
10-CCG repeats between normal (<36 CAGs) and
mutant alleles (‡36 CAGs) showed an association of the
7-CCG repeat with expanded (CAG)n alleles, and a more
frequent presence of the 10-CCG repeat together with
normal CAG repeats (P<0.001). Analyses of the distri-
butions of CAG repeat lengths of chromosomes carrying
each of the four CCG repeats showed several diﬀerences
(Fig. 2): (1) the distribution for the 7-CCG allele proved
more representative of the whole sample (Fig. 2b); (2)
distributions for the alleles with 10 and, especially, 8 and 9
CCGs, revealed very little variability and no evidence for
any association with class 2 alleles (Fig. 2c–e). In normal
chromosomes, the 7- and the 10-CCGs alleles were asso-
ciated with amean CAG repeat length of 18.68±3.31 and
16.93±1.99 (P<0.001). In expanded chromosomes, the 7
and the 10-CCGs alleles were associated with a mean
(CAG)n size of 46.12±8.37 and 43.90±3.78, respectively
(not signiﬁcantly diﬀerent; P=0.412).
A mean age at onset of 42.2 years was observed in
individuals carrying the 7-CCG haplotype associated
with the expanded CAG repeat (n=86), i.e. lower, but
not signiﬁcantly diﬀerent (P=0.057), from that of
patients with the 10-CCG haplotype (mean age at
onset=51.4 years; n=10). Additionally, no eﬀects of the
size of the CCG repeat in normal alleles on age at onset
of disease were observed, since patients carrying the
7-CCG in the normal chromosome (n=60) showed a
mean age at onset of 42.6 years, and those having the
10-CCG (n=31) presented a mean age at onset of
44.5 years.
Fig. 1 Distribution of the
(CAG)n size of the Huntington
disease (HD) gene in 1,772
chromosomes of the general
Portuguese population
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Discussion
Maintenance of the frequency of mutant HD alleles (‡40
CAGs) in the population has been proposed to be due to
a mutational bias towards the expansion of all sizes of
normal alleles, but with a higher mutation rate for the
longer normal alleles (Rubinsztein et al. 1994). The
current analysis of the CAG repeat at the HD locus in
the normal Portuguese population (1,772 chromosomes)
is, to our knowledge, the largest control population
study of this repeat and seems to show the previously
proposed bias (Rubinsztein et al. 1994). The distribution
of (CAG)n size in this population was similar to other
described populations of Western European origin,
showing a mode of 17 CAGs and a positive skewness
(representing more alleles lying above the modal size)
(Kremer et al. 1994; Rubinsztein et al. 1994; Squitieri
et al. 1994). The Portuguese population was in Hardy–
Weinberg equilibrium relative to the CAG repeat in the
HD locus, showing that there was a random union of the
gametes. Heterozygosity (0.810) was also similar to that
of other European populations (Watkins et al. 1995;
Andre´s et al. 2002). The mean of the CAG repeat was
also similar (Squitieri et al. 1994; Andre´s et al. 2002).
The (CAG)n ranged from 9 to 40 CAGs, and two ex-
panded alleles were found. The presence of these two
mutated alleles in a randomly selected sample of 1,000
individuals from our population could correspond to a
higher prevalence of HD in the Portuguese population
Fig. 2a–e Haplotype analysis in HD families. (a) Distribution of
the CAG repeat size in the 140 HD families, each one represented
by one randomly selected individual carrying the aﬀected chromo-
some. Distribution of the CAG repeat length in families carrying
the repeat 7-CCG (b), 8-CCG (c), 9-CCG (d) or 10-CCG (e)
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than described elsewhere. In a previous report, we had
predicted it to be at least 2–5:10,0000 (Costa et al. 2003),
i.e. similar to that of other European countries. The
appearance of mutated alleles for HD in control popu-
lations has been reported only once, to the best of our
knowledge, where a 39-CAG repeat was found among
600 control chromosomes (Kremer et al. 1994). Since it
has been proposed that expanded HD chromosomes
could result from a reservoir of normal unstable alleles
with a particular haplotype, namely with the 7-CCG
allele (Goldberg et al. 1993; Squitieri et al. 1994; Al-
mqvist et al. 1995), the presence of two mutated alleles in
our control population may potentially be explained by
the relatively high frequency of class 2 alleles (3.0%) as
compared to other reported studies (Goldberg et al.
1993, 1995; Kremer et al. 1994); however, the frequency
of class 2 alleles observed in the regions where the mu-
tated alleles were found (3.0% in the Azores and 1.3% in
Guarda) was not higher than in the other regions, which
may suggest that the origin of the mutated alleles is
independent of the frequency of intermediate normal
unstable alleles. Additionally, the total sample was
shown to be homogeneous, without geographic cluster-
ings, since the proportion of the four allele classes was
similar in all regions, as was the distribution of CAG
repeat size.
Thus, it is possible that the haplotypic environment of
the CAG repeat in the HD gene is of great importance,
both to its evolution and to the origin of newly expanded
chromosomes. Haplotypes in 140 Portuguese families
showed a distribution of CCG repeat size similar to that
of other Western European populations (Squitieri et al.
1994). No signiﬁcant eﬀect of the size of the CCG repeat
in the normal chromosome on age at onset was observed,
which is in accordance with other studies (Vuillaume
et al. 1998). Nevertheless, the carriers of a 7-CCG repeat
associated with the expanded allele showed a lower age
at onset when compared to those carrying a 10-CCG
allele; however, given our sample size, the diﬀerence was
not signiﬁcant and was not associated with diﬀerences in
mean (CAG)n size between the two groups. The normal
alleles from the sample of independent Portuguese
patients showed a distribution of the CAG repeat size
similar to that observed in the control population. In our
sample, as in others (Squitieri et al. 1994; Pramanik et al.
2000), the 8-CCG allele is a rare allele and was associated
exclusively with normal chromosomes as well as showing
the higher frequency of this allele (5.8%) reported until
now. As in other populations studied (Andrew et al.
1994; Squitieri et al. 1994; Masuda et al. 1995; Pramanik
et al. 2000): (1) the Portuguese families showed more
than one HD founder haplotype (three diﬀerent HD
haplotypes were found to be associated with a 7, 9 or
10-CCG repeats); (2) the 7-CCG repeat was the most
frequent allele, both in normal and in expanded alleles;
(3) the 7-CCG repeat was preferentially associated with
expanded chromosomes; (4) the mean CAG repeat size
was higher in normal chromosomes containing 7 CCGs
than in those with 10 CCGs; (5) indeed, all class 2 alleles
had 7 CCGs, suggesting that these chromosomes may be
more prone to full expansion; (6) the distribution of
CAG repeat sizes among the 7-CCG haplotype was very
similar to that of the total sample, and with the same bias
towards larger CAG repeats, probably due to a more
ancient age of this haplotype, as has been suggested
(Rubinsztein et al. 1994). The same was not observed,
however, for the CAG repeat distributions for any of the
other CCG haplotypes, which showed very little vari-
ability. So, processes other than mutation bias and the
reservoir of class 2 alleles could also underlie the evo-
lution from normal size to expanded CAG repeats. As
suggested for other triplet repeat disorders [such as
myotonic dystrophy, fragile X syndrome (Paulson and
Fischbeck 1996) and Friedreich ataxia (Cosse´e et al.
1997)], a stepwise model for evolution to full expansion
may also occur in HD and could explain the origin of
expanded chromosomes.
In conclusion, we suggest that (1) the HD mutation
has multiple origins among the Portuguese population
(three diﬀerent haplotypes were associated with the
disease); and (2) three mechanisms occurring at diﬀerent
times during evolution may have concurred, leading to
evolution from normal CAGs to full expansion: ﬁrst, a
mutation bias towards larger alleles giving rise to
a higher variability of normal chromosomes followed by
a stepwise process that could explain the CAG distri-
butions observed in the more recent haplotypes and,
ﬁnally, a pool of intermediate (class 2) alleles (probably
originated through the latter bias) more prone to give
rise to reduced and fully penetrant HD alleles.
Table 2 CCG repeat lengths in normal and expanded (CAG)n chromosomes in 140 Portuguese HD families
(CCG)n length in HD family Normal (CAG)n chromosomes Expanded (CAG)n chromosomes
Total (<27
CAGs)
(27–35
CAGs)
Total (36–39
CAGs)
(>39 CAGs)
n (%) n (%) n (%) n (%) n (%) n (%)
(CCG)7 85 (61.2) 82 (60.3) 3 (100.0) 124 (87.9) 1 (50.0) 123 (88.5)
(CCG)8 8 (5.8) 8 (5.9) – – – – – – – –
(CCG)9 6 (4.3) 6 (4.4) – – 1 (0.7) – – 1 (0.7)
(CCG)10 40 (28.8) 40 (29.4) – – 16 (11.3) 1 (50.0) 15 (10.8)
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